Ecm33p is a widely distributed fungal protein with functional relevance, clearly demonstrated by ecm33D mutant phenotypes, mainly related to the cell wall. Homology searches with Saccharomyces cerevisiae genes identified Candida albicans Ecm33p, as well as the two other proteins of its family: Pst1p and the product of YCL048w. C. albicans Ecm33p is a 423 aa protein which has the typical features of cell-surface GPI proteins and is able to complement S. cerevisiae ecm33D cell wall defects. Heterozygous (RML1) and homozygous (RML2) mutants of CaECM33 were obtained, as well as a single and a double reintegrant (RML3 and RML4, respectively). Caecm33 mutant strains displayed an aberrant morphology, being more rounded and bigger than the wild-type, suggesting morphogenetic defects. They also exhibited cell wall defects, with enhanced sensitivity to different compounds that interfere in polymerization of cell wall components (Calcofluor white, Congo red and hygromycin B) and a marked tendency to flocculate extensively. In addition, CaEcm33p is required for normal C. albicans yeast-to-hyphae transition in vitro. In liquid medium (5 % serum), the transition was delayed in Caecm33 mutants, and after 24 h the culture contained very abnormal large and rounded cells. On solid medium (10 % serum, Spider or SLADH) RML2 failed to produce hyphae and media invasiveness. CaECM33 showed a gene dosage effect, demonstrated by the intermediate phenotype of the heterozygous mutants RML1 and confirmed by Northern blot analysis. Furthermore, CaEcm33p is also involved in C. albicans virulence. In a murine systemic model of infection, 100 % mouse survival and no kidney or brain colonization were obtained 30 days after infection with 10 6
INTRODUCTION
Candida albicans is the major fungal pathogen in humans, particularly in immunocompromised patients (Vincent et al., 1998) . It is a polymorphic fungus that grows either in yeast form or as hyphae. Both types of morphology may be present in infected tissue, and therefore both may possibly play important roles in pathogenesis (Gow, 1997; Mitchell, 1998) .
The cell wall, as the outermost cellular structure, determines the shape of the fungal cell and represents the initial point of interaction between the host and pathogen. In addition, given that mammalian cells lack a cell wall, this cellular compartment could be a promising molecular target site in searches for new specific antifungal drugs (Groll et al., 1998; Odds, 2003; Gimeno et al., 1992; Liu et al., 1994) . A better knowledge of C. albicans cell wall structure and composition, and functional analysis of proteins of unknown function, may contribute to understanding the involvement of the wall in fungal morphogenesis and pathogenesis as well as to the discovery of novel antifungal therapies.
Fungal cell wall structure has been studied most extensively in Saccharomyces cerevisiae (Klis et al., 2002; Martin et al., 2000; Pardo et al., 2000; Lipke & Ovalle, 1998; Orlean, 1997) . However, several reports (Kapteyn et al., 1994 (Kapteyn et al., , 1995a 2000; Sanjuan et al., 1995) concerning the cell wall organization of C. albicans have demonstrated that a similar model is also valid for this pathogenic fungus (Chaffin et al., 1998; Klis et al., 2001 ). The C. albicans cell wall is mainly composed of three components interconnected by covalent bonds: 1,3-b-and 1,6-b-glucans (50-60 %), mannoproteins (30-40 %) and chitin (0?6-9 %) (Chaffin et al., 1998) . Cell wall proteins (CWPs) can be coupled to cell wall components in different ways (Klis et al., 2001) . The total number and functions of CWPs are still poorly known. Several chemical and/or enzymic strategies for their isolation, both from intact cells (Casanova et al., 1992; LopezRibot et al., 1996) and from isolated cell walls after cell breakage (Kapteyn et al., 1994; Elorza et al., 1985; Mormeneo et al., 1996; Ruiz-Herrera et al., 1994) have been described. Different proteomic approaches have also been used in order to obtain a comprehensive and integrated view of the cell wall proteome in both C. albicans and S. cerevisiae (Pardo et al., 2000; Pitarch et al., 2002 Pitarch et al., , 2003 Urban et al., 2003) . In one of these approaches, which involved the analysis of proteins secreted into the medium when S. cerevisiae protoplasts were regenerating their cell walls, the gene product of ORF YDR055W was identified (Pardo et al., 1999 (Pardo et al., , 2000 and named Pst1p (Protoplastsecreted protein). The C. albicans Pst1p homologue has been identified not only by in silico analysis, but also as a functional secretory protein in a heterologous genomewide screening (Monteoliva et al., 2002) . There are three other S. cerevisiae proteins that show a significant degree of similarity to Pst1p and display similar characteristics: the ECM33/YBR078W, SPS2/YDL052C and YCL048W gene products. These four proteins have been grouped in the so-called SPS2 family (Caro et al., 1997) , named after the first-described member. These proteins have the typical features of GPI (glycosylphosphatidylinositol)-anchored proteins, with a signal peptide, serine-and threonine-rich region and a potential C-terminal domain for GPI anchor attachment (Caro et al., 1997; De Groot et al., 2003) . PST1 has been reported to be induced in different cell wall mutants or in response to transient cell wall damage (Jung & Levin, 1999; Garcia et al., 2004) , as it acts in the compensatory mechanism triggered by the Slt2p-MAP kinase cascade responsible for cell wall integrity (Martin et al., 1993) . However, the S. cerevisiae mutant strain pst1D did not show any cell wall defect while deletion of ECM33 led to a weakened cell wall. This defect was aggravated by simultaneous deletion of PST1 (Pardo et al., 2004) . Ecm33p is therefore important for correct ultrastructural organization of cell wall polymers (glucan and chitin) and, furthermore, for the correct assembly of the mannoprotein outer layer of the cell wall (Pardo et al., 2004) . Because of the relevant role of Ecm33p in cell wall integrity, we have undertaken to characterize C. albicans Ecm33p. In the work described here we obtained a C. albicans deletant mutant strain (Caecm33D) and analysed the role of Ecm33p in morphogenesis, cell wall integrity and virulence of the fungus.
METHODS
Strains, media and growth conditions. The strains of Escherichia coli, S. cerevisiae and C. albicans used in this study are listed in Table 1. For C. albicans, cells were routinely grown in either YPD medium (1 % yeast extract, 2 % bacto peptone, 2 % glucose) or SD Ura 2 (SD lacking uridine and uracil) (Ausubel et al., 1993) . YPD medium was supplemented with 60 mg uridine ml 21 for growth of Ura 2 strains. For selection of Ura 2 clones, SD Ura 2 medium was supplemented with 60 mg uridine ml 21 and 1 mg 5-fluoroorotic acid (5-FOA) ml 21 (Boeke et al., 1984) . E. coli strains were cultured in LB medium or on LB plates with ampicillin added to 100 mg ml
21
.
For phenotypic analysis of mutants, YPD plates were supplemented with different concentrations of Calcofluor white (25-28 mg ml 21 ), Congo red (100-250 mg ml 21 ), or hygromycin B (75-200 mg ml 21 ). A total of 5 % or 10 % fetal bovine serum was added to liquid or solid YPD respectively for filamentation tests. Plates of Spider and SLADH media (Gimeno et al., 1992; Liu et al., 1994) were used for the morphological studies.
DNA and RNA manipulation methods. PCR, restriction digestion and gel electrophoresis were performed by standard methods (Sambrook et al., 1989) . Bacterial plasmid DNA was isolated by the alkaline lysis method (Sambrook et al., 1989) . All DNA fragments for cloning were gel-purified with the QIAquick Gel Extraction Kit (Qiagen). Yeast genomic DNA was isolated according to Ausubel et al. (1993) . All DNA-modifying enzymes were provided by Roche and used according to the manufacturer's recommendations. CaECM33 expression was detected by Northern blotting. Exponentially growing cells were harvested by centrifugation, and total RNA was isolated by the 'mechanical disruption protocol' using the RNeasy MIDI kit (Qiagen), following the manufacturer's instructions. RNA concentrations were determined by measuring absorbance at 260 nm. Northern blots were prepared according to the protocol of Hube et al. (1994) . A 2639 bp fragment corresponding to positions 2366 to +513 with respect to the start codon of the CaECM33 ORF was amplified and radiolabelled with [a-
32
P]dCTP by PCR using the specific oligos PROBE1 (59-taggacgtgacaagatacaggatcgca-39) and PROBE2 (59-aaaacaatgttcttagcactgctc-39) to give the ECM33-specific probe. The hybridization conditions described by McCreath et al. (1995) were used. Uniformity of RNA loading was determined by ethidium bromide staining. For Southern blotting, genomic DNA was digested by XbaI and EcoRI and separated on a 0?8 % agarose gel prior to transfer to nitrocellulose and probing. The probe was generated by PCR using the Nonradioactive Labelling and Detection Kit (Boehringer Mannheim) and the specific oligonuleotides PROBE1 and PROBE2.
For the RT-PCR study, C. albicans cDNA was synthesized from mRNA with an oligo d(T)15 primer using the Promega RT-PCR kit. The oligonuclotides RNAUPPER (59-ctgccaacatcaactttg-39) and RNALOWER (59-tgaaagcactacaagacaat-39) were used to define the intron sequence. The oligo RNAUPPER comprises 9 bp just before the 59 splice site (underlined) and 11 bp just after the 39 splice site (double-underlined) so at the annealing temperature selected it is supposed to hybridize only with the cDNA in which the intron region has been deleted but not with the DNA.
Analysis of CaECM33. The searches for homologous sequences were carried out using the tBLASTn and BLASTn programs of the Stanford database (www-sequence.stanford.edu/group/candida).
The DNA analysis for the signal peptide search was done using the SignalP program in the SignalP V1.1 Worldwide Web Prediction Server (www.cbs.dtu.dk/services/SignalP) (Nielsen et al., 1997) . The program GPI-Predictor GPI Modification Site Prediction (http:// mendel.imp.univie.ac.at/gpi_server.html) (Eisenhaber et al., 1998) was used to define the GPI signal of the proteins.
Construction of plasmid YEPCaECM33. A 3 kb amplicon containing the CaECM33 gene sequence was obtained by PCR using the sense primer ECM0 (59-gagcgagctctggctctacttgtctgaa-39) and the antisense primer ECM4 (59-tgcaagctttgtcaccttccggtccca-39), containing engineered restriction sites SacI and HindIII (underlined), respectively. This amplicon was subcloned into the pGEMT vector, rendering plasmid pGECM04. This was then digested with SnaBI and ScaI to obtain a 4054 bp fragment comprising the CaECM33 gene. This fragment was then treated with Klenow enzyme and subcloned into the SmaI-linearized YEP352 plasmid. The resulting plasmid was named YEPCaECM33; it included the entire CaECM33 gene from position 2330 to +2650 with respect to the start codon.
Plasmid construction for disruption of the CaECM33 gene.
The CaECM33 gene was disrupted by replacing the entire ORF with a hisG-URA3-hisG cassette (Fonzi & Irwin, 1993) . The disruption cassette was constructed by two consecutive PCR amplifications with genomic CAF2 DNA as template. In the first step, an amplicon of 1127 bp was obtained from the genomic DNA using the sense primer 5UPPER (59-gttgagctcttgacgggaacaaagaat-39) and the antisense primer 5LOWER (59-tgcactagttggcagttaatagcaagaa-39), containing engineered SacI and SpeI restriction sites (underlined), respectively. The amplicon obtained was digested with SacI and SpeI and then subcloned into plasmid pSkh-ura-h. This plasmid was previously obtained by subcloning the 4 kb BamHI-BglII fragment from PUCK6B1, which contains the hisG-URA3-hisG cassette, into pBluescriptSK previously digested with BamHI. The resulting plasmid was named skpcr5; it contained the 59 region upstream of the gene (position 21095 to +10 with respect to the start codon) and the hisG-URA3-hisG cassette.
In the second step, an amplicon containing the 500 bp downstream of the non-coding region was obtained using the sense primer ECM3 (59-gttctgcagaggaaccaacacaaagaa-39) and the antisense primer ECM4 (59-tgcaagctttgtcaccttccggtccca-39), containing engineered PstI and HindIII restriction sites (underlined), respectively. The amplicon obtained (pcr3) was then digested with PstI and HindIII, and subsequently ligated into skpcr5 (previously digested with the same restriction enzymes just mentioned) to create plasmid pSkECMhuh, in which the CaECM33 upstream and downstream DNA regions were flanking the hisG-URA3-hisG disruption cassette.
Plasmid construction for reintegration of the CaECM33 gene. To reintroduce the CaECM33 gene, the integration plasmid pD1ECM was constructed as follows. Plasmid pD1, which contains the C. albicans URA3 gene flanked by direct repeats of the chloramphenicol acetyltransferase gene (cat) was kindly provided by Dr Blanca Eisman (Facultad de Farmacia, Dpto Microbiología II, Universidad Complutense de Madrid).
A 3 kb fragment containing the intact CaECM33 gene that had been obtained by SacI digestion of plasmid pGECM0-4 was ligated into the unique SacI site of plasmid pD1. The resulting plasmid was named pD1ECM; it contained the complete CaECM33 ORF gene (from position 2330 to +2650 with respect to the start codon) and the URA3 gene flanked by direct repeats of the cat gene.
Isolation of the CaECM33 null mutant. CaECM33 disruption was achieved as described by Fonzi & Irwin (1993) . CAI4 cells were transformed to Ura + prototrophy with 10 mg of a Sac-AccI fragment from the plasmid pSkECMhuh. Transformants were selected as Ura + in SD minimal medium lacking uridine and checked for integration of the cassette at the CaECM33 locus by Southern blot analysis. One of the heterozygous disruptants recovered (designated C. albicans RML1) was used to select spontaneous Ura 2 derivatives in SD minimal medium containing 5-FOA. These clones were analysed by Southern blot hybridization to identify those that had undergone intrachromosomal recombination between the hisG repeats. One of these Ura 2 derivatives (termed RML1a) was used to replace the second CaECM33 allele in a similar way, using the SacIAccI fragment from pSKECMhuh. Transformed cells were selected as null mutant RML2 once the correct allele had been verified by Southern blot analysis.
Reintroduction of the C. albicans ECM33 gene. The integration plasmid pD1ECM (constructed as described above), containing the functional CaECM33 and URA3 genes, was used to transform the null mutant strain in order to reintroduce these two genes. pD1ECM was digested with SnaBI, which has a single recognition site in the CaECM33 sequence but not in the URA3 or vector regions. This linearized plasmid was then transformed into the Ura strain RML2a (derived from RML2 in SD minimal medium containing 5-FOA and checked by Southern blotting to confirm intrachromosomal recombination between the hisG genes) using a lithium-acetate-based transformation protocol (Walther & Wendland, 2003) . Ura + prototrophs were selected on minimal medium lacking uridine. Insertion of the functional CaECM33 gene into the null mutant as a result of spontaneous recombination was confirmed by Southern blot analysis. One of the heterozygous reintegrants recovered (designated C. albicans RML3) was used to select spontaneous Ura 2 derivatives in SD minimal medium containing 5-FOA. These clones were analysed by Southern blot hybridization to identify those that had undergone intrachromosomal recombination between the chloramphenicol resistance gene repeats. One of these Ura 2 derivatives (termed RML3a) was used for reintegration of the second CaECM33 allele in a similar way using the SacI-linearized pD1ECM plasmid. Transformed cells (RML4) selected as Ura + carried two functional CaECM33 copies reintegrated at the CaECM33 genome locus.
Phenotypic analysis of mutants. Calcofluor white (CFW), Congo red (CR) and hygromycin B (HB) sensitivities were tested by streaking cells onto plates following the method described by Van der Vaart et al. (1995) . Aliquots (5 ml) of serial 1/10 dilutions of cells that had been grown overnight and adjusted to an OD 600 of 0?7 were deposited on the surface of YPD plates containing different concentrations of CFW (25-28 mg ml 21 ), CR (100-250 mg ml
21
) and HB (75-200 mg ml 21 ). These samples were then grown at 30 uC and monitored for 2 days.
For filamentation tests, C. albicans strains were grown overnight in YPD at 30 uC and then subcultured at an OD 600 of 0?05 into 5 % serum prewarmed to 37 uC. For tests in solid media, cells were counted and 30 cells were plated on 10 % serum YPD, Spider or SLADH media plates.
Staining and fluorescent image analysis. A 100 ml volume of Calcofluor white (0?3 g l 21 ) (Sigma F-6259) was added to 1 ml diluted sample in a 1?5 ml Eppendorf vial covered with aluminium foil. Samples were mixed and incubated at room temperature for 5 min. A few drops of the solution were placed on a glass slide and covered with a coverslip for analysis. The dye fluoresces when bound to chitin and glucans, and thus stains cell walls and septa. Images were obtained by fluorescence microscopy.
Murine model of disseminated candidiasis. Female BALB/c mice were obtained from Harlan France. Groups of 10 female mice ranging in age from 6 to 8 weeks, with a weight of about 20 g, were used. C. albicans cells were harvested from YED agar plates, washed twice with PBS and diluted to the desired density in the same buffer prior to injection into the lateral tail vein of mice in a volume of 0?5 ml (10 6 blastospores). Survival experiments were carried out in groups of 10 mice and mortality was monitored for 30 days.
At day 30, the fungal burden of kidneys and brain was determined. For this purpose kidneys and brain were removed, homogenized and quantitatively cultured on Sabouraud dextrose agar containing 10 chloramphenicol mg l 21 .
RESULTS

Identification of CaEcm33p and its homologues
The presence of proteins homologous to Ecm33p or to other members of its family has been described in various fungal species. In order to identify them in C. albicans, we screened C. albicans genome sequences in the Stanford database (http://sequence-www.stanford.edu/group/candida/ search.html). C. albicans Ecm33p BLAST searches using the S. cerevisiae ECM33 sequence identified a DNA sequence with high homology within contig-6-2398. This DNA sequence encoded an ORF without a defined ATG. In the C. albicans database, CandidaDB (htpp://genolist.pasteur. fr/CandidaDB), two different and incomplete sequence entries were annotated as ECM33 (ECM33.1 and ECM33.3) and, by contrast, there was no PST1 entry. We defined the entire ECM33 sequence by protein BLAST homology with S. cerevisiae Ecm33p, which displayed 54?37 % homology with the predicted C. albicans protein (Fig. 1a) . We then cloned the CaECM33 DNA sequence and tested its functional homology by complementation of S. cerevisiae ecm33D cell wall defects. For this purpose, we transformed the plasmid YEPCaECM33, which included the complete CaECM33 gene sequence from positions 2330 bp to +2650 bp with respect to the start codon, into S. cerevisiae ecm33D. The CaECM33 gene was able to complement the sensitivity of S. cerevisiae ecm33D to Calcofluor white and Congo red (data not shown). In this way, we clearly identified that the ECM33.3 entry (CandidaDB) corresponded to the C-terminal region of the C. albicans Ecm33p functional homologue, and ECM33.1 was CaPstIp, previously cloned as a secretory protein (Monteoliva et al., 2002) . The C. albicans genome included a third protein of this family, IPF13972 at CandidaDB, which appears to be the counterpart to the S. cerevisiae YCL048w gene product, although there was no SPS2 homologue. Thus, in C. albicans this family of GPI-anchored proteins contains only three members.
Features of C. albicans ECM33 and Ecm33p
Once we had determined the exact sequence of CaECM33, we observed that it seemed to include an intron, as occurs in its S. cerevisiae homologue, since we found the theoretical intron splicing sequences 59 splice site (AG/GTATGT) and 39 splice site (TACTAAC....TAG) described for S. cerevisiae (Rymond & Rosbash, 1985 , 1986 within the CaECM33 DNA sequence. These 59 and 39 splicing sequences were localized at positions +60 and +929, respectively, with respect to the start codon (Fig. 1b) . To check this possibility, we carried out a RT-PCR using mRNA from the wildtype strain CAF2 as template and the oligos RNAUPPER and RNALOWER designed as described in Methods. Sequencing of the RT-PCR product and alignment of this sequence with the CaECM33 DNA confirmed the presence of an intron of 950 bp just after the previously defined 59 splice region (Fig. 1b) .
Protein translation after mRNA splicing releases CaEcm33p, a 423 aa protein which includes two highly hydrophobic regions. The first one corresponds to the N-terminal signal peptide, which includes the first 18 aa and is eventually removed by cleavage between Ala-18 and Ala-19 according to the bioinformatic analysis (SignalP). The second hydrophobic region is composed of the last 22 aa and comprises a GPI anchor putative signal. The v site (processing site where the glycosidylinositol group will be anchored to the protein; Eisenhaber et al., 1998) would correspond to the Gly-401. Thus, CaEcm33p has the typical features of fungal GPI-anchored proteins and, as in the case of the yeast homologue counterpart (Terashima et al., 2003) , it might be located at the plasma membrane.
Construction of Caecm33 mutants and reintegration strains
To investigate the function of CaEcm33p, null mutants were constructed by targeted gene disruption and analysis of the resulting phenotype.
Disruption of the CaEM33 gene was performed by following the strategy described by Fonzi & Irwin (1993) , in which a cassette consisting of the C. albicans URA3 gene flanked by direct repeats of the Salmonella typhimurium hisG gene is used (Fig. 2a) . This cassette was used to replace the entire CaECM33 ORF. A linear SacI-AccI fragment including the cassette flanked by CaECM33 upstream and downstream regions was used to transform C. albicans CAI4. Southern blot analysis of a representative isolate, C. albicans RML1, after digestion with XbaI and EcoRI, revealed that the cassette had integrated in the allele properly, giving rise to a fragment of 2607 bp. The 1369 bp and 1838 bp fragments corresponding to the other wild-type allele were still present in the strain (Fig. 2b) . Ura 2 segregants of C. albicans RML1 were selected in medium containing 5-FOA (Boeke et al., 1984) and examined by Southern blot analysis. Ten of the fifteen independent segregants examined had undergone intrachromosomal recombination between the hisG repeats, resulting in excision of the URA3 marker and one copy of hisG. One of these Ura 2 segregants, named RML1a, was used to generate the homozygous Caecm33 null mutant (RML2) by transformation of C. albicans RML1a with the same disruption cassette. Three of the ten Ura + transformants exhibited a hybridization pattern consistent with targeting of the previously undisrupted allele in which the parental 1369 bp and 1838 bp XbaI-EcoRI fragments were absent and the 2607 bp fragment corresponding to the cassette integration appeared instead, indicating a correct integration (Fig. 2b) . Northern blot analysis demonstrated that no CaECM33 mRNA was present in RNA samples from the null mutant C. albicans RML2. To confirm that the phenotypes displayed by the mutant strains were due to CaECM33 depletion, reintegration strains were obtained.
Strain RML2a (the Ura 2 derivative of the Caecm33 null mutant) was selected as the recipient for transformation with the SacI-digested integration plasmid pD1ECM containing a functional CaECM33 gene (Fig. 2c) . Southern blot analysis of a representative isolate, C. albicans RML3, after digestion with XbaI and EcoRI, revealed that the linearized integrative plasmid had integrated in the allele properly, giving rise to the 1369 bp and 1838 bp parental fragments (Fig. 2b ). Once we had tested by Southern blotting that the RML3 Ura 2 derivative selected (RML3a) had undergone intrachromosomal recombination between the chloramphenicol resistance gene repeats, we transformed this strain with the same integrative plasmid. Two independent transformants (RML4) carrying two copies of the CaECM33 gene were obtained and checked by Southern blotting.
CaEcm33 mutant strains display several morphological surface and cell wall defects C. albicans RML1 and RML2 mutants had an aberrant morphology, which varied depending on the growth conditions and medium. On solid media, ecm33D cells seemed to be rounder and larger than in liquid media. This rounder and larger shape of mutant cells was even more marked in cultures in the stationary phase. These results are consistent with the results of Bidlingmaier & Snyder (2002) implicating ECM33 in the apical growth of the yeast S. cerevisiae, using a novel transposon-based mutagenesis system. In their screening, the elongated bud morphology of the cdc34-2 mutant was altered when the transposon was inserted in the ECM33 allele. After staining with Calcofluor white, a compound that binds to chitin or glucan polymer of the cell wall, the null mutant also showed large aggregates of Calcofluor-white-stained material; the composition of this material is currently being studied (Fig. 3a) . We also observed a marked tendency of RML1 and RML2 cells to flocculate extensively, forming large aggregates of cells that rapidly sedimented to the bottom of the tube when growing in YPD liquid cultures at 30 u C with gentle shaking (Fig. 3b) . These aggregates were not due to a deficient cell wall separation of the cells since they were easily dispersed by 10 s sonication. This suggested that the formation of these aggregates might be caused by alterations in the superficial layers of the cell wall. Interestingly, this flocculation effect was only observed when cells were growing in YPD medium but not in YNB, where the cells exhibited a larger and rounder shape than in YPD.
We found that, as occurred in S. cerevisiae ecm33D, C. albicans ecm33D mutants exhibited great sensitivity to various compounds that interfere in the cross-linking of cell wall components (Pardo et al., 2004) . We tested the sensitivity of the mutants to Calcofluor white, Congo red and hygromycin B. Interestingly, the heterozygous mutant (RML1) already exhibited great sensitivity to all three of these compounds at all concentrations tested compared to the parental strain (Fig. 3c ). This high sensitivity was even more dramatic in the case of the null mutant (RML2) and the effect was reversed when a wild-type copy of CaECM33 was reintegrated at its locus (RML3). These results could suggest that the amounts of the different components of the cell wall have been modified in the mutant strains.
Ecm33p is required for normal filamentation of C. albicans in vitro
The presence of numerous E-box motifs within the promoter region of the CaECM33 gene suggested a role for Ecm33p in the filamentation process. To explore this hypothesis, we studied the filamentation phenotype of Caecm33D mutants. When growing in liquid YPD supplemented with 5 % serum at 37 u C, the null mutant RML2 exhibited a slightly delayed filamentation. At 24 h growth the homozygous mutant (RML2) showed a high number of large round cells and far fewer hyphal aggregates than the parental strain. Upon closer microscopic observation the mutant filaments were found to be thicker (Fig. 4a) . The germ tubes of Caecm33D mutants were wider than those of the parental strain: the CAF2 germ tube mean width was 1?9 mm (SD 0?09, n=50) while the RML1 and RML2 mutants exhibited a mean width of 2?10 mm (SD 0?1, n=50) and 3?25 mm (SD 0?14, n=50), respectively. The number of blastospores present in the culture medium of the RML2 mutant after 24 h was also markedly lower than for the parental strain. This suggested that once converted to hyphae, Caecm33D cells could not efficiently revert to the yeast form in liquid medium.
We also tested the effect of 10 % serum in solid media. In this case the differences between RML1 and RML2 mutants and the parental strain were more dramatic. The colonies of the parental strain had a very wrinkled morphology, while the Caecm33D mutant had a completely smooth colony morphology showing a severe lack of yeast-to-hypha transition (Fig. 4b) . Upon microscopic observation, we found that the wild-type strain presented large hyphal aggregates while the heterozygous mutant (RML1) showed the same hyphal pattern as observed in 5 % liquid serum, with thicker and shorter hyphae. In contrast, homozygous mutants exhibited an elongated cell shape with no hyphal growth (Fig. 4b) .
The RML2 mutant also failed to form filaments after 7 days incubation on Spider medium, showing smooth colony morphology, whereas the wild-type produced abundant filaments at this point with a typical invasive phenotype. The behaviour of the heterozygous mutant (RML1) and the single reintegrant (RML3) was intermediate, with different regions of the colony periphery invading the agar plate (Fig. 4c) . Similar results were observed in SLADH medium (data not shown).
CaECM33 shows a gene dosage effect
All the phenotypic analyses suggested a gene dosage effect for CaECM33, since the heterozygous mutant RML1 already showed defects in cell wall maintenance, invasiveness, yeast-to-hypha transition and morphology. To check this possibility, we tested the expression levels of CaECM33 in the current set of strains by Northern blot analysis. As the probe, we used almost the complete CaECM33 sequence which had been amplified by PCR using the sense primer PROBE1 and the antisense primer PROBE2. One hybridization product corresponding to CaECM33 mRNA was detected in all the strains except for the homozygous mutant RML2. As we expected, both the heterozygous and the single reintegrant showed approximately half the amount of CaECM33 mRNA exhibited by the parental strain, suggesting that both CaECM33 alleles are transcribed and contribute to total mRNA levels (Fig. 5a ).
CaECM33 is involved in virulence
To examine the role of CaECM33 in virulence, a murine model of systemic infection was used. Eight mice per strain were injected intravenously through the tail vein with the following strains: CAF2 (wild-type), the heterozygous mutant (RML1), the homozygous mutant (RML2), the single reintegrant (RML3), and the double reintegrant carrying two copies of CaECM33 at its original locus (RML4). The mice were monitored for survival and for fungal infection in the kidney, which is known to have a linear relationship with median survival times in mice (Hurtrel et al., 1980; Odds, 1988) . Two days after infection with 10 6 Candida cells, mice injected with both the wildtype and the double reintegrant RML4 strains showed signs of systemic disease, including weight loss. By day 5, there were no survivors among the mice injected with cells containing both copies of the wild-type CaECM33 gene (Fig. 6) . In contrast, 100 % of mice injected with an equal inoculum of RML2 cells as well as those containing a single copy of the CaECM33 gene (heterozygous and single
(c) Fig. 4 . Yeast-to-hypha transition in Caecm33D mutants. Wild-type strain CAF2, the heterozygous strain (RML1), the isogenic disrupted strain RML2, and the reintegrant strain carrying the CaECM33 coding sequence (RML3) were tested in (a) liquid YPD supplemented with 5 % serum, (b) YPD containing 10 % serum, or (c) Spider plates. Spider and YPD+10 % serum plates were incubated at 37 6C for 7 days. Liquid YPD+5 % serum was incubated at 37 6C for 24 h. reintegrant strains; RML1 and RML3 respectively) survived for the observed period of 30 days. C. albicans cells were not found in either the kidneys or the brains of the mice infected with RML2 or RML3, showing a complete lack of colonization. Taken together, these results suggest the importance of the presence of both intact copies of CaECM33 gene for the mortality and kidney colonization produced by C. albicans cells in a murine systemic model.
DISCUSSION
The 'Ecm33p family' in C. albicans
Because of the important role played by proteins included in the so-called SPS2 family (Sps2p, Ecm33p, Pst1p and the gene product of YCL048w; Caro et al., 1997) in S. cerevisiae cell wall maintenance, we investigated if they were also present in C. albicans and were involved in similar roles. After homology searches in the Stanford database (http:// sequence-www.stanford.edu/group/candida/search.html) we identified the C. albicans homologues to ECM33, PST1 (previously reported to be expressed and secreted; Monteoliva et al., 2002) and YCL048W. The absence of the SPS2 homologue was in concordance with the lack of meiosis in this organism. Like its S. cerevisiae counterpart, the CaECM33 sequence contains an intron which changes the ORF of the protein, preventing the correct annotation of this gene in the Stanford database. CaECM33 mRNA 'in vivo' splicing sites were defined by RT-PCR experiments. We confirmed that CaEcm33p (a 423 aa protein) was the counterpart of S. cerevisiae ECM33 since the expression of the CaECM33 gene from the episomic plasmid YEPCaECM was able to complement the cell wall defects displayed by a S. cerevisiae ecm33D mutant. This family was classically the so-called SPS2 family because Sps2p was the first member of the family described. However, because in C. albicans this family of GPI-anchored proteins lacks Sps2, and Ecm33p has been identified in different fungal species -Aspergillus fumigatus (Bruneau et al., 2001) , Kluyveromyces lactis, Candida tropicalis, Pichia farinosa, Saccharomyces kluyveri, Saccharomyces bayanus and Zygosaccharomyces rouxii (Souciet et al., 2000) -and its functional relevance has been clearly demonstrated by the drastic phenotypes displayed by ecm33 mutants, we propose to call it the 'Ecm33 family'.
Both C. albicans and S. cerevisiae Ecm33p-related proteins show features of GPI-anchored proteins, having a signal peptide, a serine-and threonine-rich region and a GPI anchor signal.
ScECM33 and CaECM33 share a high degree of homology (53?67 %); therefore it seems quite possible that CaEcm33p localizes at the membrane like its S. cerevisiae counterpart (Terashima et al., 2003) .
CaECM33 is involved in cell wall integrity and morphogenesis
As we have demonstrated in this study, Ecm33p plays an important role in very different processes of C. albicans. The high sensitivity to Calcofluor white and Congo red displayed by the RML2 mutant shows that the cell wall is affected (Roncero & Duran, 1985) since these compounds interact with polysaccharides, interfering in the assembly of the chitin and 1,3-b-glucan (Cabib & Bowers, 1971) . The presence of a weak cell wall requires the cells to induce the cell wall integrity pathway to survive (Carotti et al., 2002) . When the cell wall integrity pathway is activated, the socalled 'compensatory mechanism' is triggered. This cell wall salvage response involves: (i) a marked increase in the chitin content; (ii) changes in the association between cell wall polymers (while only 2 % of CWPs are linked directly to chitin in a wild-type cell, this linkage is 20-fold . Virulence study of Caecm33 mutants. Female BALB/c mice were injected with 0?5 ml saline solution containing 10 6 c.f.u. of one of the following C. albicans strains: wild-type strain CAF2 (%), the heterozygous strain RML1 (6), the isogenic disrupted strain RML2 (n), and the reintegrant strains carrying one copy (RML3, $) or both copies (RML4, e) of the CaECM33 coding sequence. more abundant in gas1 cells); (iii) an increase in the bulk of CWPs; and (iv) a transient redistribution of the 1,3-bglucan synthase complex throughout the cell. In the light of this, we think that an increase in the amount of cell wall material (mostly CWPs and chitin) that is not being efficiently distributed all around the cell wall in the null mutant strain could explain the Calcofluor-white-stained aggregates seen in the RML2 mutant. Similarly, the presence in the null mutant of an inadequate distribution and composition of the cell wall net could lead to a greater exposure of the cell surface flocculins (Teunissen & Steensma, 1995a; Teunissen et al., 1995b, c) , leading to flocculation promoted by interactions among the CWPs of different cells.
The lack of Ecm33p also leads to morphogenetic defects, with a complete lack of yeast-to-hypha transition on solid media such as Spider, SLADH and YPD supplemented with 10 % serum while, on the contrary, we only found a slightly delayed filamentation when cells were growing in liquid media. We hypothesize that this difference may occur because different sensors involved in the signal pathway might be altered or mislocalized in the Caecm33 mutant cell wall and these alterations may be enhanced by the stronger physical constraints suffered by the cells in solid media. Different phenotypes on solid and liquid media have also been observed in strains harbouring mutations in CPH1 filamentation pathway genes (Kohler & Fink, 1996; Leberer et al., 1996; Csank et al., 1998) . It is interesting to note the presence of a cph1 sequence recognition signal in the 59 upstream region of the CaECM33 gene localized at position 22?8 kb with respect to the start codon. Although it seems to be located too far away to belong to the CaECM33 promoter, there is no other gene annotated in the DNA region between the cph1 signal and CaECM33. Four E-boxes have also been identified in this promoter region (positions 2130 bp, 2280 bp, 2750 bp, 21296 bp with respect to the ATG start codon) that can also influence the yeast-to-hypha defects observed in the mutants. These E-box domains (consensus sequence, 59-CANNTG-39) (Massari & Murre, 2000; Robinson & Lopes, 2000) are known to bind bHLH transcription factors related to Efg1p, and EFG1 has been described as a major regulator of cell wall dynamics in C. albicans . Furthermore, activation of some hyphaspecific genes depends upon Efg1 (Braun & Johnson, 2000; Sharkey et al., 1999) .
Another phenomenon to mention is the presence of large rounded cells in the RML2 serum culture after the 24 h incubation period. These cells are mainly located at the terminal region of the filaments and could correspond to hyphal cells in which the cell wall has been almost lost and then behave as protoplasts. In fact, some of these rounded cells seemed to have exploded, as occurs when protoplasts are exposed to osmotic stress.
It is evident from phenotypic analysis of Caecm33D that both intact alleles of CaECM33 are necessary for all the processes that this protein has been shown to be implicated in. Generally, heterozygous mutants do not display any defect, even in the case of some essential genes (Monteoliva et al., 1996) , and the mutant phenotype is only patent when both copies are deleted. However, a gene dose effect has been described for other genes such as CST20 and HST7 (Kohler & Fink, 1996) and also for proteins located at the plasma membrane such as the amino acid permease Cagap1 (Biswas et al., 2003) . As we have shown in this study, the presence of a single copy of the CaECM33 gene leads to defects in cell wall organization, morphogenesis and yeast-to-hypha transition, as well as in the virulence of the fungus. These defects were enhanced in the case of the null mutant, suggesting that the null alleles are not recessive.
An alternative possibility is that the partial dominance of the null mutation in the heterozygote is a reflection of a more complex mechanism such as defective pairing between the normal and the deleted allele (Aramayo & Metzenberg, 1996) .
Both CaECM33 alleles are required for virulence of C. albicans in a murine model of systemic candidosis
Our results demonstrate that Ecm33p plays an important role in C. albicans virulence. The cell wall is the first fungal structure in contact with the host environment. It is directly involved in different virulence factors such as adhesion, being able to modulate the immunological response against the infection. Different cell wall genes have been isolated and their roles in virulence have been addressed (Navarro- Garcia et al., 2001) . Although there are a number of reports in which the deletion of biosynthetic cell wall enzymes did not result in a dramatic reduction in virulence, such as for example Bgl2 (Sarthy et al., 1997) , Chs2 and Xog1 (Gonzalez et al., 1997) , there are other studies that clearly implicate some CWPs in virulence, such as Hwp1p (Staab et al., 1999) , Int1 (Kinneberg et al., 1999 ), Phr2 (De Bernardis et al., 1998 and Mnt1 (Buurman et al., 1998) . As we have shown, the Ecm33 GPI protein plays an important role not only in the maintenance of cell wall integrity but also in the correct yeast-to-hypha transition that also has been demonstrated to be indispensable for a complete virulence response. The presence of both intact copies of the CaECM33 gene was necessary for both mouse mortality and kidney and brain colonization of C. albicans cells in a murine systemic model. When only a single copy of CaECM33 was present, as in the case of the heterozygous and single reintegrant mutants, there was 100 % mouse survival at the inoculated dose of 10 6 C. albicans cells, which differs from the gene dosage effect observed in other phenotypes described previously. However, we are now carrying out other systemic murine infection analyses in which we modify the number of cells inoculated, in an attempt to define the differences between the heterozygous and homozygous mutants.
